The liquid-liquid equilibrium constant for acetic acid in a quinary system olive oil-epoxidized olive oil-acetic acid-hydrogen peroxide-water was experimentally determined for temperatures and component ratios relevant for in situ epoxidation of plant oils. The values have the constant range from 1.52 to 2.73. To predict the equilibrium constant for acetic acid, the experimental data were correlated with UNIQUAC (universal quasi chemical) and NRTL (non-random two liquid) activity coefficient models. For simplified calculation of the phase equilibrium the insolubility of olive oil and epoxidized olive oil in the water, as well as insolubility of water and hydrogen peroxide in the olive oil and epoxidized olive oil, was assumed. Percarboxylic acid, such as performic or peracetic acid, is a common oxidizing agent in a large scale production of epoxidized plant oils. The percarboxylic acid is generated in situ through the acid catalyzed reaction of corresponding organic acid with hydrogen peroxide in an aqueous solution. A soluble mineral acid, usually sulfuric acid, or an acidic cation exchange resin can be used as a catalyst for this reaction [1, 2] . Depending on applied catalyst, the reaction system of epoxidation is either two-(oil-water) or three-phase (oil-water-ion exchange resin) system. Thus, it is important to obtain the liquid-liquid equilibrium data for modeling and optimization of the epoxidation process. A rigorous two-or three-phase model of the epoxidation reaction system should include a partition coefficient for organic acid [3] [4] [5] [6] . The coefficient is dependent on a liquid--liquid equilibrium constant for organic acid and molar densities of the phases [7] [8] [9] . A few authors investigated partitioning of formic acid or acetic acid between the oil and water phases of the epoxidation reaction system. Rangarajan et al. determined experimentally the partition coefficient for acetic acid in a soybean oilacetic acid-water system at 313 and 333 K [3] . On the basis of experimental data for the liquid-liquid equilibrium constant for acetic acid, Sinadinović-Fišer and Janković calculated the partition coefficient for acetic acid Correspondence: S.V. Sinadinović-Fišer, Faculty of Technology, University of Novi Sad, Bul. cara Lazara 1, 21000 Novi Sad, Serbia. E-mail: ssfiser@uns.ac.rs Paper received: 10 December, 2014 Paper accepted: 3 March, 2015 in the soybean oil-acetic acid-water system at temperature range of 293-353 K [7]. Campanella et al. determined the partition coefficient for formic acid/acetic acid in the soybean oil-formic acid/acetic acid-water system at 313 K [8] . A presence of epoxidized plant oil in the system was taken into account when the liquidliquid equilibrium constant for acetic acid was investigated for the epoxidized soybean oil-acetic acid--water system [9] . In aforementioned works, neither the changing of the oil phase composition during the reaction of epoxidation, i.e., different ratios of plant oil and epoxidized plant oil, nor the presence of hydrogen peroxide in the system was considered. In this work, however, the temperature and composition dependency of the liquid-liquid equilibrium constant for acetic acid (K A ) in a system containing five reaction components was investigated. To predict the liquid-liquid equilibrium constant for acetic acid in an olive oil (OO)--epoxidized olive oil (EOO)-acetic acid (A)-hydrogen peroxide (HP)-water (W) system, the interaction parameters of the UNIQUAC (universal quasi chemical) [10] and NRTL (non-random two liquid) [11] models for the activity coefficient were determined by fitting the experimental data obtained for the equilibrium constant at different temperatures and compositions. The results of simplified and rigorous calculation of the phase equilibrium were compared.
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Determination of the liquid-liquid equilibrium constant
For the same reference state in two phases, L 1 and L 2 , the liquid-liquid equilibrium condition for component j is:
where γ L j is the activity coefficient of component j in phase L; and L j x is the mole fraction of component j in phase L.
The mole fraction of component j in the phase L can be expressed by the following equation: According to Eq. (1), the liquid-liquid equilibrium constant for acetic acid (K A ) in investigated oil-water system is defined as:
where used superscripts are for water (w) and oil (o) phases. The experimental value of the liquid-liquid equilibrium constant for acetic acid can be calculated via Eq. x ) and temperature (T). For investigated system, the coefficients are defined as:
For the calculation of the equilibrium constant, in this work the UNIQUAC and NRTL models for the activity coefficient were used. Their interaction parameters were determined by fitting the experimental data for the liquid-liquid equilibrium.
The UNIQUAC binary interaction parameter (τ j,k ) is expressed as [10] :
where u j,k (J/mol) indicates an adjustable binary parameter for components j and k in the mixture; and R is the universal gas constant. The NRTL binary interaction parameter (G j,k ) is given as [11] :
A value of the non-randomness parameter (α) of 0.2, which was used in this work, is recommended for the partially miscible liquids [11] .
EXPERIMENTAL

Materials and chemicals
Olive oil, product of the Urzante, S.L., Spain, was purchased in supermarket. Glacial acetic acid (>99.8%) was bought from Sigma-Aldrich, Germany, while 30 wt.% aqueous hydrogen peroxide solution, hydrobromic acid and isopropyl alcohol (min 99.5%) were ordered from J.T. Backer, Netherlands. An acid form of sulfonated polystyrene-type cation exchange resin Amberlite IR-120H from Sigma-Aldrich, USA, was used as a catalyst. Alfapanon, Serbia, was a supplier of the aqueous solutions of potassium permanganate (0.1 N), sodium hydroxide (0.1 N) and sodium thiosulfate (0.1 N), while sulfuric acid (p.a.), iodine (p.a.) and bromine (p.a.) were purchased from Centrohem, Serbia. Potassium iodide (extra pure), benzene (p.a.) and chloroform (min 98.5%) were purchased from LachNer, Czech Republic.
Epoxidation procedure
The epoxidation of olive oil was carried out in bulk with peracetic acid formed in situ according to the method reported in the literature [12] . Mole ratio of oil unsaturation:acetic acid:hydrogen peroxide was 1:0.5:1.5. The amount of cationic ion exchange resin Amberlite IR-120H used as catalyst was 20 wt.% of acetic acid and hydrogen peroxide solution weight. Olive oil (250 g), glacial acetic acid and catalyst were introduced into a 500 mL three-neck round-bottom flask placed in a water bath and equipped with magnetic stirrer, thermometer, reflux condenser and dropping funnel. The 30% aqueous hydrogen peroxide was dropwise charged into the reaction mixture at temperature of 323±1 K within half an hour. The stirring speed of 1000 rpm was constant. After addition, the temperature of the reaction mixture was increased to 348 K and maintained within ±1 K next 8 h. After removing of the ion exchange resin by filtration, cooled product was centrifuged. Separated oil phase was washed with water (313 K) until pH 7. Water was evaporated at 323 K under the vacuum (about 30 kPa). Stock of epoxidized olive oil was obtained by blending products of 8 epoxidation runs.
Equilibration procedure
The liquid-liquid equilibrium constant for acetic acid in the system olive oil-epoxidized olive oil-acetic acid-hydrogen peroxide-water was experimentally determined by equilibrating the system components at four temperatures employing seven compositions. A 500 mL three-neck round-bottom flask with weighed masses of olive oil (m OO ), epoxidized olive oil (m EOO ), acetic acid (m A ), 30% aqueous solution of hydrogen peroxide (m aqHP ) and water (m W ) was equipped with condenser, thermometer and magnetic stirrer. Compositions of investigated mixtures are given in Table 1 . The mixtures were equilibrated in a thermostatic water bath at 293, 308, 323 and 338 (±1) K for an hour under the constant stirring of 1000 rpm. Without stopping the stirring, six samples of about 10 mL were withdrawn from the mixture and centrifuged (20 min, 1000 rpm). The samples in centrifugation tubes were again thermostated at particular temperature for 20 min. Three samples were used to determine the content of volatile matter in the oil phase. The weighed, in grams, portions of the oil (m s,o ) and water (m s,w ) phase of other three samples were titrated to determine the mass fractions of acetic acid and hydrogen peroxide. Sampling of the phases from latter three centrifuge tubes simulated triple determination of the liquid-liquid equilibrium constant for acetic acid.
Methods
To characterize the olive oil and epoxidized olive oil, a standard gravimetric method for the moisture and volatile matter content [13] , the Hanus method for the iodine number and standard HBr-acetic acid method for the epoxy oxygen content [14] were applied. All analyses were done in triplicate.
The mass fraction of hydrogen peroxide in the hydrogen peroxide aqueous solution ( ω aqHP HP ) was determined by permanganometric titration with 0.1 N KMnO 4 .
The mass fraction of water, acetic acid and hydrogen peroxide in the oil phase ( ω o W,A,HP ) of the equilibrated mixtures was determined in triplicate according to the standard gravimetric method for the moisture and volatile matter content in plant oils [13] , assuming that acetic acid and hydrogen peroxide evaporate together with water.
The mass fractions of acetic acid in the oil ( ω 
Calculation of the liquid-liquid equilibrium constant for acetic acid using the experimental data
The value of the liquid-liquid equilibrium constant for acetic acid was calculated on the basis of Eqs. (2) and (3).
For calculation of the mole fractions of acetic acid in the oil and water phase, Eq. (2), the masses of the system components were calculated using the mass balance equations and the experimental data i.e. the mass fractions of acetic acid and hydrogen peroxide in both phases and the mass fraction of water, acetic acid and hydrogen peroxide in the oil phase. The calculation proceeds as follows.
Experimentally determined mass fractions of acetic acid and hydrogen peroxide were used to calculate the masses of these components in the equilibrated phases:
where m o and m w (g) are the masses of the oil and water phases in equilibrium, respectively. Assuming the insolubility of oils in the water phase and knowing weighed masses of olive oil and epoxidized olive oil, as well as measured content of moisture in both oils, the masses of olive oil ( 
The mass balance of the oil phase is defined as follows:
When Eqs. (11) and (13) 
The total mass of water in the system, which partitions between the oil and water phase, is the sum of weighed water and water introduced into the system with hydrogen peroxide solution, olive oil and epoxidized olive oil:
( 1 9 ) where ω aqHP HP is the mass fraction of hydrogen peroxide in the hydrogen peroxide solution. Therefore, the mass of water in the water phase (
The calculation of the mass of each phase in equilibrium was performed as follows. The mass of the oil phase in equilibrium can be calculated as:
while following expression for the mass of the water phase in equilibrium:
can be derived when Eqs. (12) and (14) are substituted in the equation that describes the mass balance of equilibrated water phase, assuming already accepted insolubility of oils in the water phase:
In order to check the agreement of weighed and experimentally determined contents of acetic acid and hydrogen peroxide, both partitioned between the system phases, an average relative error ARE (%) was calculated as follows: 
RESULTS AND DISCUSSION
The olive oil was characterized with an experimentally measured iodine number (IN OO ) of 80.30 and the moisture content of 0.02 wt.%. For epoxidized olive oil were determined the epoxy oxygen content (EO) of 4.41 wt.%, the residual iodine number (IN EOO ) of 0.36 and the moisture content of 3.40 wt.%. Therefore, the conversion of olive oil double bonds was 99.5% and the selectivity of epoxidation was 91.9%.
For the following fatty acid composition of olive oil: 9.0% palmitic, 6.1% stearic, 77.9% oleic, 6.3% linoleic and 0.7% linolenic acid, the molecular mass of 878.3 g/mol was calculated according to equation:
where NFA is the number of fatty acids in the olive oil triglycerides; x FA is the mole fraction of particular fatty acid in the olive oil triglycerides; and M G (g/mol) indicates the molecular mass of glycerol. The accepted fatty acid composition of the olive oil corresponds to the experimentally determined iodine number. The molecular mass of epoxidized olive oil of 934.0 g/mol was calculated via following mole balance of olive oil's double bond (D) partial conversion to epoxy group (E) and hydroxyl acetate group (HA), assuming that hydroxyl acetate is generated as the only side product during the epoxidation of olive oil [15, 16] 
where A I and A O are the atomic masses of iodine and oxygen, respectively. Since the molecular mass of epoxidized olive oil can be expressed as enlarged molecular mass of olive oil due to formed epoxy group and hydroxyl acetate group, it can be calculated as:
After expressing N E,EOO as the function of EO and substituting Eq. (27) in Eq. (28), the equation for calculation of the molecular mass of epoxidized olive oil used in this work is established:
The mass fraction of hydrogen peroxide in the hydrogen peroxide aqueous solution ( ω aqHP HP ) was determined as 0.288.
Experimental values of the liquid-liquid equilibrium constant
The mass fraction of water, acetic acid and hydrogen peroxide as the volatile matter in the oil phase, as well as the mass fractions of acetic acid and hydrogen peroxide in the oil and water phase, are given in Table  1 as the average values of three experimental determinations. The total masses of acetic acid and hydrogen peroxide in the system were determined with an average relative error (Eq. (24)) of 2.15 and 2.12%, respectively. Since these masses were calculated via the mass balance equations using experimental data determined by five analytical methods, namely method for gravimetric determination of the volatile matter content in the oil phase and four titration methods for determination of acetic acid and hydrogen peroxide contents in both phases, the obtained average relative errors have to be considered as the total error of all analytical measurements.
The olive oil-epoxidized olive oil-acetic acid-hydrogen peroxide-water system was equilibrated at four temperatures for seven compositions. The temperatures, as well as mixture compositions, were varied in the range that is significant for the epoxidation of plant oils. The molar ratio of components was selected as to simulate variation of component concentrations in the epoxidation system with reaction time. However, as the oil phase of the mixtures without olive oil, namely mixtures O1 and O2 in Table 1 , became solid during the equilibration at 293 K, only 26 values of the liquidliquid equilibrium constant for acetic acid were determined. For investigated conditions, these values range from 1.52 to 2.73 and they are presented in Table 2 . The defined trend of dependency of the liquid-liquid equilibrium constant for acetic acid neither from temperature nor from composition of examined mixtures of the olive oil-epoxidized olive oil-acetic acid-hydrogen peroxide-water system was observed.
Simplified calculation of the liquid-liquid equilibrium constant
A simplified approach for the calculation of the liquid-liquid equilibrium constant for acetic acid is based on the assumptions that only acetic acid is partitioned between two liquid phases of the epoxidation reaction system and that olive oil and epoxidized olive oil are insoluble in the water. This is described with the following constrains for the masses of components j in phase L:
Therefore, the activity coefficients of acetic acid in both phases are expressed as following functions:
As aforementioned, the mass of acetic acid in the system is partitioned between the oil and water phases: In this work, Eq. (35) is solved by the modified Newton method.
Rigorous calculation of the liquid-liquid equilibrium constant
To check the accuracy of the simplified approach, a rigorous flash calculation of the phase equilibrium was performed. For such calculation it is assumed that all components are partitioned between the system phases. The activity coefficients of all components are expressed via Eqs. (4) and (5). Using the components' and total mass balance equations, after appropriate substitutions, the mole fraction of the oil phase (φ) in the investigated system has to be determined from the following non-linear equation:
where z j indicates the mole fraction of component j in the system; and K j is the liquid-liquid equilibrium constant for component j in the system. The Newton method was applied to solve Eq. (36).
Modeling of activity coefficients for acetic acid
Due to lack of the interaction parameters for epoxy group with other groups present in the investigated system, none of the models based on the group contribution method for direct calculation of the activity coefficient, such as the UNIFAC (uniquac functionalgroup activity coefficients) and ASOG (analytical solution of groups) models, were applied in this work. Consequently, the UNIQUAC and NRTL models for the activity coefficient were used to correlate the liquidliquid equilibrium constant for acetic acid with temperature and composition.
The UNIQUAC structural parameters r j and q j , which are the van der Waals volume and area of the molecule of component j relative to those of a standard segment, respectively, were calculated using the UNIFAC LLE (liquid-liquid equilibrium) group contribution data [17] :
where NG is the total number of group species in the system; , g j ν is the number of groups of type g in the molecule of component j; and R g and Q g are the parameters related to the volume and area of group g, respectively. In order to calculate the structural parameters from the literature data, the molecule of hydrogen peroxide was presented with two hydroxyl groups, whereas the olive oil and epoxidized olive oil, each considered as one pseudo-component, were presented with the following molecular structures, respectively: 
Since the structural parameters for epoxy group are not available in the literature, an ether group of cyclic ethers, FCH 2 O, was included into the pseudo-component molecule of epoxidized olive oil instead. The coefficients in the pseudo-component molecules b, c,  d, f, l and y were accepted as 40.904, 2.778, 3 .9559, 0.0134, 2.5733 and 0.1913, respectively, on the basis of the iodine numbers, epoxy oxygen content and fatty acid composition of the olive oil and epoxidized olive oil. Although the number of groups in a molecule is usually defined with an integer within UNIFAC model, the decimal numbers have been successfully used for coefficients in the pseudo-component molecules of plant oils when the liquid-liquid equilibrium of the systems similar to the system investigated in this work was studied [7, 9] . The calculated values of r OO 
where NE is the number of experiments; and calc A,i K and exp A,i K are calculated and experimentally determined values, respectively, of the liquid-liquid equilibrium constant for acetic acid for the experiment i. The Marquardt method was applied to minimize the objective function [18] . Therefore, the fitting of interaction parameters was based on the algorithm with two loops. The outer loop is the minimization of the objective function, and inner loop is either the simplified or the rigorous calculation of the liquid-liquid equilibrium constant for acetic acid. The determined interaction parameters for simplified and rigorous calculations are given in Tables 3-5 . 
Comparison of activity coefficient models and types of calculation
The values of the liquid-liquid equilibrium constant for acetic acid calculated using determined interaction parameters of UNIQUAC and NRTL models for the activity coefficient are presented in Table 2 for both types of calculations.
The simplified approach for calculation of the liquidliquid equilibrium constant for acetic acid shows good agreement with experimental data since the relative mean square deviations (RMSD) for both UNIQUAC and NRTL activity coefficient models are low, namely 0.1910 and 0.1815, respectively. The rigorous calculation was performed applying only NRTL model for activity coefficient as it showed slightly better correlation in the case of simplified calculation. Although the number of adjustable parameters is higher for rigorous than for simplified calculation, 20 compared to 12, the predicted values of the equilibrium constant are similar, i.e., the RMSD for rigorous calculation is 3.64% lower than for simplified. This implies that the application of proposed simplified calculation of the liquidliquid equilibrium constant for acetic acid is acceptable.
As previously mentioned, the applicability of different activity coefficient models for describing the liquidliquid equilibrium in the systems relevant for epoxidation of plant oils was reported in the literature. Thus, for the system soybean oil-acetic acid-water, the original and three modified UNIFAC models, as well as the UNIQUAC model, were used to correlate the liquidliquid equilibrium data by assuming the immiscibility of soybean oil and water. For such system, the UNIQUAC model was significantly more accurate than other models [7, 8] . The UNIQUAC model was also more adequate than modified UNIFAC model for describing the equilibrium of the system soybean oil-formic acidwater [8] . To estimate the liquid-liquid equilibrium constant for acetic acid in the epoxidized soybean oilacetic acid-water system, the Wilson, NRTL and UNIQUAC models were used to correlate the experimental data. In spite of all simplifications, the conclusion was that all three models are adequate to predict the equilibrium constant for acetic acid. However, according to the analysis of ARE, the most successful prediction of the liquid-liquid equilibrium constant for acetic acid in the investigated system was obtained with UNIQUAC model when partial miscibility of epoxidized soybean oil and water was assumed [9] . Under the conditions applied in the present investigation, the adequacy of both NRTL and UNIQUAC models for prediction of the liquid-liquid equilibrium constant for acetic acid in the olive oil-epoxidized olive oil-acetic acid-hydrogen peroxide-water system is confirmed, although the computationally less demanding NRTL model slightly better correlates the experimental equilibrium data.
CONCLUSION
The liquid-liquid equilibrium constant for acetic acid in the system olive oil-epoxidized olive oil-acetic acid-hydrogen peroxide-water was experimentally determined and successfully estimated under conditions of temperature and component ratios significant for the process of plant oil epoxidation with peracetic acid generated in situ. The experimentally determined values of the constant are better correlated when NRTL than when UNIQUAC model for the activity coefficient was applied, under the accepted simplifications regarding the partitioning and solubility of particular components in the system phases. When the NRTL model was used within the rigorous flash calculation of the equilibrium, slightly better fitting was achieved than with simplified calculation. Since the values of the liquidliquid equilibrium constant for acetic acid predicted by simplified and by rigorous calculation are comparable, the usage of proposed simplified approach can be recommended when establishing the mathematical model that describes the reaction system for epoxidation of plant oils. 
